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Two strains carrying metEiiTnIO insertions (upstream of (lie udp gene) were used to isolate mutants of 
Escherichia coH overcxpressing udp. These strains dilTer in their gene order; one contains an Inversion between 
the rmD and rmE rRNA operons. Selection was based on the ability of ovcrexpressed Udp to complement 
thymine auxotrophy* Chromosomal rearrangements that connect the udp gene and promoters of different rrn 
opcrons were obtained by this selection. Seven of 14 Independent mutants selected in one of the initial strains 
contained similar Inversions of the metE-rmD segment of the chromosome (about 12% of Its length). Another 
mutant contained traces of a more complicated event» Inversion between rmB and rmG opcrons, which was 
followed by reinversion of the segment between metE and the hybrid rmGIB operon. Simitar inversions 
(udp-mi) in a strain already carrying an rmE-rmO inversion flip the chromosomal segment between metE and 
rrnOlE in the opposite direction. In this case» Inversions are also accompanied by duplications of the 
chromosomal region between the rmA and hybrid udp^rrnDfE operons, PCR amplincation with a set of 
oligonucleotides from the rm, Tn5» and met genes was used for more detailed mapping. Amplified fragments 
of the rearranged chromosomes connecting rtmD sequences and insertion elements were sequenced, and 
inversion endpoints were established. 



The genomes of Escherichia coli and SaUnonella typhi- 
murium have an extremely conservative arrangement of genes 
(25) The only striking dilTcrcncc between them is a large 
inversion of approximately 15% of the chromosome (26), 
ahhough inversions are considered to be rarer than other 
rearrangements of the bacterial genome. For example, no 
inversions were detected among 1,500 random his auxotrophs, 
which were analyzed by Hartman el al. (10). It was not possible 
to find a chromosomal inversion between lac and 4»B0 att by 
using the powerful selection for the restoration of the Lac*^ 
phcnotypc (16). The majority of artificially constructed f . coli 
strains with extended chromosomal inversions show low viabil- 
ity ( 11 ); however, naturally isolated inversion strains, such as E 
coli W2637 and its derivative W31I0. are rather stable (12) 
One possible explanation of these facts is that the actual copy 
numbers of different chromosomal segments can measurably 
differ, regardless of their position in the bacterial chromosome 
Inversions may vary the expression of genes by changing their 
distances (and copy numbers) from the chromosomal Ori/ 
Most of the stable inversions ore symmetrical to the chromo- 
somal Ori (or Tcr) and have less chance to affect gene 
expression and inhibit cell growth (13). Stabilization of the 
genome in strains carrying artificial inversions occurs by rein- 
versions which restore the original gene order. These rcinvcr- 
sions may produce translocations (11). Areas of the E coli 
genome in which the ends of inversions arc prohibited were 
localized by Rebollo et al. (24, 29) and are summarized 
elsewhere (19), 

Although they are rare in general, certain inversions are 
frequent enough to make a significant contribution to E coli 
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genome variation. For example, inversions between rrn opcr- 
ons occur al about 10*^ (12) DNA rearrangements induced 
by mx DNA repeats are revealed in various microorganisms 
(for example, see reference 26). These inversions can play a 
significant role in the evolution of the genome, first destabilize 
ing it and then inducing a sequence of stabilizing events 

We have described a selection procedure for the isolation of 
E. coli variants with a high level of uridine phosphorylase {udp) 
gene expression. The genetic analysis of one selected strain 
(CM973) revealed that it carried a large inversion in which one 
breakpoint was located within the metE gene, while the other 
breakpoint was mapped between 72 and 73 min on the genetic 
map (17). On the basis of both genetic and physiological 
behaviors of the inversion mutant CM973, we suggested that 
the non-metE endpoint of the inversion was located within the 
rRNA operon rmD and that a high level of udp gene expres- 
sion in this mutant was due to read-through transcription from 
the promoters of the rmD operon. 

To confirm the results of the genciic mapping and for 
further study of other selected variants, the chromosomal 
DNAs of the E coli strains isolated by the same selection 
procedure from a different genetic background were physically 
mapped The construction of a Notl physical map of £. coli 
(31) allows the genetic mapping of this organism to be done 
directly by observing alterations in the mobilities of DNA 
fragments on pulscd-ficid gels. This low resolution mapping 
can be continued by using PCR (with subsequent sequencing 
of its products) to reveal exact nucleotides affected by the 
rearrangements studied. The data achieved by (his approach 
show that mt opcrons arc involved in generation of the 
Tn/t^-promoted rearrangements found In all of the inversion 
type mutants selected for Udp ovcrexpression. 

MATERIALS AND METHODS 

Strains, plasmlds, and culture conditions. The bacterial 
strains and plasmids used in this study and their genetic 
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TABLE 1 . E. coli K-12 strains used in the work 



Strain 



Genotype 



Comment 



CM922 

AM 174 

CM973 

AM22I7 

AM2237 

AM2222 

AM2224 
CM991 

CM10SI 

AM2302 

AM2301 

AM2U3 

AMzns 

AM2129 
AM2131 
AM2I38 
AM2I41 
AM2144 
AM2150 
AM2I51 
AM2152 
AM21S3 
AM21S4 
ABU57 



Hrr3-0S0 thi thyA deoC deaA metEiiTnW 

CM922 metE" 

CM922 INVl [me/£' rmD*] 

CM973 a;gG::Tn5 

CM973 iyjC::Tn5 

CM973 metEiftnS 

CMmamErpsL 
CM973ri/-9;:Tn7(7 

CM973 tidpiirnS 

CM1051 2xf9vJtiW 



CMm rpsE 



metE' rniD'] 



CM922 INV157 
CM922 ItmSB [metE' miD'] 
CM922 Iim$9 
CM922/^n60 
CM922/Am61 

CM922 irmei 

CM922 //m63 



metE' rmO'] 
mttE* rmGIB] 
metE' rmD*] 
metE' rmD'] 
metE' rmD ] 
W3110 thi thyA deoC dcoA metEilTnW 
AM2150 lNy/DUP30 
AM2150 INVIDUPSi 

AM2I50 INViDUP34 

F" tltr-1 ara^N leuB6 {gpt-proA)62 sx'33 supE44 galK2 hisG4 rfbDl mgl-Sl 
rpsUl kdgKSl xyl'5 mil-} ar^E3 ihi l 



Used to genenite data in Fig. 1 and not 
mentioned in the text 

Used to generate data in Fig 1 and not 

mentioned in the text 
Used to generate data in Fig I and not 

mentioned in the text 
Used to generate data in Fig. 1 and not 

mentioned in the text 
Used to generate data in Fig I and not 

mentioned in the text 



characteristics are presented in Table 1, Growth conditions for 
E. coli strains and the concentrations of growth factors and 
antibiotics have been described elsewhere (21, 22). Phage 
crosses were done according to Miller (21) for Mu and 
according to Young et al. (33) for T4 and are described in 
detail by Mironov and Sukhodolets (22). 

DNA preparation. Alkaline plasmid extractions for labeling 
were done according to the method described by Menlatis ct 
al. (20). Genomic DNA of coli was prepared by sodium 
dodec^l sulfate lysis in the presence of proteinase IC and then 
by phenol extraction. Samples of chromosomal DNA for 
pulsed-field gel electrophoresis (PFGE) were prepared by 
embedding bacterial cells in 0 6% agarose blocks at a final cell 
concentration of 5 X 10' cells per ml, which is equivalent to 1 
mg of DNA per 10 ml of agarose matrices. Lysis was achieved 
by 1% lauryl sarcosine-1 mg of proteinase K per ml in 0.2 M 
EDtA (pH 8.0) at 55'C for 14 to 36 h (9). 

Em^atic manlpolatlon of DNA. Restriction endonucleases 
and the Klenow fragment of DNA polymerase were purchased 
from Fermcntas (Vilnius, Lithuania) and were used according 
to the instructions of the manufacturer. For the cleavage of 
embedded samples of DNA used in PFGE, 5 to 20 U oiNotl 
and 3-h incubations at 3TC were used 

Electrophoresis. PFGE was performed with the Diagnosti- 
cum system. Standard running conditions were as follows: 24 h, 
O^X Tris-borate-EDTA (19), 1% BRL agarose. 8 to H'C 
running temperature, and 10-V/cm field strength. To resolve 
restriction fragments between 40 and 400 kb, switching inter- 
vals of 25 s were used. To resolve 500- to 1,000-kb fragments, 
the switching intervals were 100 s (9). After electrophoresis, 
the gels were stained with ethidium bromide and photo- 
graphed. 

Oligonucleotides, PGR aropimcation, and sequencing. The 



following oligonucleotides were used for PGR and sequencing: 
rml (-82 to -61) {pn coordinates are relati ve to the PI 
transcription start of rmB operon {5]), CTGATTTGGTTG 
AATGTTGGGC; rm2 (733 to 712), AAAGTACTTTA 
CAACCGGAAGG; rm3 (741 to 762). AGGAAGGGAGTAA 
AGTTAATAC; rm4 (1737 to 1716). GCTACCTACTCnT 
TGCAAGC; rm5 (1753 to 1774), CGCITACCACTTGT 
GATTCAT; rm6 (3317 to 3294), CCITCCCACATCGTTrC 
GCACTTA; rrn7 (3338 to 3351), GGCTTAGAAGCAGC 
CATCATTT; rm8 (4378 to 4356), CTCAATGTTCAGTGT 
CAAGCTAT; rmlO (5671 to 5650), CGGTTCATTAGTAC 
CGG1TAGC; ISp (externa! end of the lS/0 with coordinates 
152 to 128), GCAGAATTOGTAAAGAGAGTCGTG; IS^ 
(internal end of the \SIO with coordinates 1178 to 1203), 
GTAGTCTCAACAGTTCGGTTAGGCA; metR, (promoter- 
proximal region of the metE gene), GGGGGTAGGGCGT 
OAATTGCG; metE^ (distal region of the metE gene), CCG 
GACGCAAGTrCrGGGCCGC. 

PGR amplification consisted of 30 cycles of the following 
steps: 95^C for 30 s, 55"C for 40 s, and 72**C for 90 s Other 
conditions were as recommended by Perkin-Elmcr Cctus, 
producer of the Taq polymerase that was used> 

The products of PGR, which link rm DNA to the \SW end, 
allow sequencing of both strands with IS^ and the nearest rm 
primers, DNA fragments were purified by the Bio 101 Gene- 
clean kit and were used with "P-end-labcled primers in a 
linear amplification sequencing protocol (23). 

Blot hybridization. DNA fragments from pulsed-field gels 
were transferred onto GeneScreen Plus nylon membranes by 
the standard capillary procedure (20) and hybridized with 0.5 
X 10^ to 2 X 10^ cpm of a randomly labeled probe per ml 
Hybridization, washing, and removal of the probe were done 
according to the membrane manufacturer's protocol The only 
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exception was the final 0.1 X SSC (1 X SSC is 0.15 M NaCI plus 
0.015 M sodium citrate) wash, which was done at fiS^C. Filters 
were exposed to Kodak X-ray film from 2 to 48 h. By being 
kept wet, each filter could be used for five hybridizations, with 
the previous probe removed each time. 

RESULTS 

Selection procedure for the isolation of Inversion mutants. 
The udp gene, located at 85 min on the E. coU genetic map, 
encodes a protein catalyzing the phosphorolysis of undine and 
also has some specifici^ for thymidine. Udp is able to convert 
the thymine to thymidine complementing a thyA mutation 
under the conditions of its constitutive synthesis in a strain 
deficient in thymidine phosphorylase (decA), Promoter oper- 
ator constitutive mutations or duplications of the udp gene 
were isolated in this way (1, 22). 

udp gene expression also depends on the transcription of an 
adjacent me/£ gene (1). Because of this, enhancement oludp 
expression may be achieved by deleting the putative rho- 
dependent terminator between the udp and metE genes. To 
study such a variant, we constructed the strain CM922 contain- 
ing thy deoA mutations and a Tni(7 insertion in the distal part 
of the metE gene. Fourteen independent thymine-utiUzing 
mutants showing sensitivity to tetracycline and retaining me- 
thionine auxotrophy were isolated. Surprisingly, 8 of 14 Tet* 
mttE mutants could not be transduced to MetE^ in PI 
transduction crosses with /ner£* donor strains. The following 
genetic analysis of one of these mutants (CM973) indicated 
that it contained an extended inversion, supposedly providing 
new strong promoters for udp expression This strain and seven 
others (named AM2113, AM2118. AM2129, AM2131, 
AM2138, AM2141, and AM2144) were further analyzed by 
means of physical mapping. 

A second parental strain (AM2150) was used for isolation of 
mutants by the same selection procedure. This strain^ a deriv- 
ative of W3110, already contained an inversion between the 
m^D and rmE operons and therefore had an orientation 
opposite to that of the udp gene relative to the rm operons. 
Four independent mutants (AM2151 to AM2154) were se- 
lected on the basis of an increased level oludp gene expression. 

Genetic analysis of the INVi inversion mutant. Genetic 
analysis of strain CM973, which carried the inversion desig* 
natcd INV\^ demonstrated that the udp gene was linked in PI 
transduction crosses with the markers crp and rpsE located at 
73 min on the E. coU map (2). We used the marker aroE 
located between rpsE and rmD for more precise mapping of 
Ibm (Fig. 1). 

To determine the breakpoint locations of INVl on the 
chroinosome, four-factor transduction crosses were performed 
by using PI phage propagated on the donor strain AM2302 
containing a ziJ9::TnI0 insertion near udp (the results of 
crosses are presented in Fig, 1). The Tet' marker was trans- 
duced into the aroE udp^ Tet' recipient (strain AM2224 = 
CM973 [aroE rpsL]), A total of 225 Tet' transductants were 
examined for the inheritance of udp, aroE^ and rpsE (Sp') as 
unsclccted markers. These results (Fig. 1) indicated that aroE 
is located between the rpsE and udp markers, showing 90% 
linkage with udp. This means that the non-me/£ endpoint of 
the JNVX inversion lies approximately in the area of the rmD 
opcron (Fig 1). 

Tlie other breakpoint of this inversion, marked by a 
me/£::Tn5 insertion, ^yas linked to the argC marker located at 
69 min on the £ coH map (2% linkage) (detailed description of 
the crosses in reference 17) This was done in transduction 
crosses with phage T4 (GT7) (33); this phage was chosen for its 




Urn — 1 0J4 ' ^ 

FIG. 1. Proposed scheme of the INVX inversion. (A) Gene map of 
the parental strain CM922 and a scheme of the iniramolccular 
Tn/(?-rDediatcd inverse transposition; (B) gene map of the rearranged 
variant CM973. Numbcre under ihc map in panel A represent gene 
positions according to the standard genetic map of £ coU. Numbers 
inside the lines with arrows in panel B represent genetic linkage 
(cotransductional frequency) meosarcd in PI transduction experi- 
ments. Genes inside the bats are the substrate of the rearrangement 
studied. 



transduction capacity, which is higher than that for PI. The 
weak coinheritance (2%) observed may also be simulated by 
secondary transposition (zygotic induction during DNA trans- 
fer) in the absence of any real linkage. However, further 
physical mapping and sequencing were consistent with the 
proposed argG-rmD'-metE* linkage (Fig. 1). 

These results, together with the data showing the growth 
rate dependence of udp expression in the CM973 mutant (17), 
allow us to propose that the non-metE breakpoint of the INVl 
inversion is located close to the rmD operon, connecting the 
miD promoters with the udp gene. 

Alignment of Notl restriction pattern of CM922 (HfrH). 
Since the parental strain CM922 (AM 174 metE, a derivative of 
HfrH) used in this work may contain unrecognized chromo- 
somal deviations from the £. coli strains that were already 
physically mapped, it was necessary to compare its Notl pattern 
with those of AB1157, AM2150, and W3310, which had been 
mapped already (7, 31, 32) A comparison of the restriction 
patterns obtained from these strains revealed some differences 
(data not shown) due to the integration of the F factor around 
97 min of the standard genetic map in the strain CM922 (18) 
and to the presence of an extrachromosomal copy of the F 
plasmid. Another difference between the strains is that frag- 
ment I {Notl fragments numbered according to Smith et al. 
[31]) is larger and fragment D is smaller in strain ABU57 than 
in strain AM174 (a direct ancestor of CM922). Differences in 
sizes for the other Notl fragments do not exceed 3% (limits of 
resolution). This pattern comparison confirmed the possibility 
of applying the Notl restriction analysis to the strains AM174 
and CM922 to map their rearrangements. 

Physical mapping of the Inversion raulanis derived from 
CM922. Chromosomal DNAs from the strains selected from 
CM922, namely, CM973. AM2113, AM2n8, AM2129, 
AM2131, AM2138, AM2141, and AM2144, were treated with 
Notl and separated by PFGE. The restriction patterns of all 
clones except AM2131 were identical. For more precise map* 
ping, we constructed two additional derivatives of strain 
CM973 containing the insertions cy5G::Tn5 (75 min) and 
argCiiTnS (69 min), strains AM2237 and AM2217, respec- 
tively. The Notl sites introduced into a known map position as 
a part of the insertion elements of Tn5 (32) split the large Noil 
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FIG 2 Lx)caIization of ihc udp gene on the //orl resiriciion frag- 
ments of the different E, coU strains (A and B) lanes 1, CM973 (WV); 
loncs % CM922 (parent); fanes 3» AM2237 (/WKcyyG::Tn5); (C) lane 
1, CM922; lane 2, CM973; lane 3, AM2217 {tNV ajzGi Jvi5)\ lane 4. 
AM2237; (D) lane 1, AM2237; lane 2» AM2217; lane 3, CM973; lane 
4, CM922. PFGE separation (A and C) and blot hybridization with the 
itdp probe (B) and the /m probe (D) are shown. 



fragments, making the size determination more accurate. The 
plasmids pUD7 {udp (4]) and pKK3535 {rmB [14j) were used 
as probes to determine the locations of the udp gene and the 
rm operons on the macrofragments (Fig. 2\ The observed 
changes in mobilities of the Notl fragments harboring the udp 
and mi genes revealed on the gel blots generated a map that is 
similar for seven strains (Fig. 3). The data confirmed that one 
of the proposed breakpoints of INVl and the other six 
inversion mutations arc within fragment A (in or near rmD), 
while the opposite breakpoint is within the small fragment S 
(in or near metE) (Fig. 3). Such an inversion would fonn two 
new NoA fragments: A' (about 750 kb) and S' (290 kb) instead 
of A (1,000 kb) and S (43 kb) of the parental strain CM9Z2 
(AMI 74) This was demonstrated by PFGE analyses and blot 
hybridizations. 

Size determination errors that were reduced to 5 to 10 kb by 
application of the AM2237 and AM2217 strains made it 
possible to map rearrangement endjioints in the vicinity of the 
rm and udp genes with the accuracy of a few kilobases. More 
precise mapping (revealing endpoints within rm genes with 
nucleotide resolution) was done by PCR mapping and se- 
quencing 

Seven of eight variants studied carried similar inversions 
between the rmD operon and the metE gene. The mystifying 
case of strain AM2131 will be discussed below. The high level 
of udp gene expression in these strains (studied in detail by 
Kulakauskas ct al [17] for CM973) is due to read-through 
transcription from the promoters of the rmD operon. 

Physical mapping of chromosomal rearrangement in the 




HO. 3 Physical maps of the arg-udp region of the £ coU strains 
derived from HfrH The bars constituting the map represent Not\ 
frogmcnis. Their sizes and names (according to Riley ond Krawicc 
(26)) arc positioned under the bars The locations of Tn5, which splits 
theNorl fragments, are shown by the arrows The names of the strains 
arc positioned at the beginning of each line- Empty bars represent 
inverted regions. 



derivatives of AM2150 (VV3110). The results of blot hybridiza- 
tions of the udp and rm probes with Not\ fragments of 
chromosomal DNA isolated from strains AM2151 to AM2154 
(derivatives of AM2 ISO) are presented in Fig. 4, which reveals 
a picture more complicated than (hat with the derivatives of 
CM922. The precise linkage of the m? and metE-udp regions in 
the chromosome of AM21S1, as in the case of CM973, was 
confirmed by PCR mapping and sequencing (sec below). To 
explain the blot hybridization data, we proposed a two-step 
scheme. The first step of the rearrangements is an inversion 
between the insertion me/E::Tn/0 and the hybrid rmDfE 



1 I ^ A s 



I 2 3 J 5 




FIG. 4. Localization of the udp and rm genes on the Not\ rcstric- 
lion fragments of dilTcrcni coti strains (A and C) PFGE separation; 
(B) blot hybridization with the rm probe; (D) blot hybridization with 
the udp probe. Lanes: I. AM2I50; 2. AM2l5t;3. AM2152; 4. AM2153; 
5, AM2154 
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CM9I2 



mttB..udp 



AlOQO L300 543 
A830 T43 543 LZOO 



<I)INV 




AM2151 



udpirmOIBlA 
njiA I u3pfmiD/B 
T4J r35 SOW 



muElrmtUB 
oriC 



FIG. 5 Physical maps of the ar^-udp region of the E coti strains 
derived from W3U0. The bars constituting the maps represent Not\ 
fragments Their sizes and ntimcs (according CO Rllcy and Krowlcc 
(26)) arc positioned under the bars The orientation of transcription of 
the important genes is shown by the arrows The names of the strains 
are positioned at the beginning of each line. (1)INV and (2)DUP are 
the proposed intermediates. Empty bars represent a region originally 
inverted in the strain W31I0 (AM2I50). Striped bars represent the 
mt'Udp inversion 



operon (Fig 5) The second step is a reciprocal crossover 
between miA on one sister chromatid and the hybrid udp- 
rmD/E operon on the other Finally, a region between rm/l and 
u(/p-miD/E was duplicated. 

Thus, selection for a high level of udp gene expression cither 
in AM2150 or in the CM922 background generated extended 
inversions in which different rRNA operons were involved. 
The direction of these inversions is dependent on the relative 
orientation of the udp gene and the particular mi operon 
involved in the recombination 

Physical mapping oflNVl60 inversion in AM2131. To study 
the chromosomal structure of strain AM2131, another physical 
mapping technique was used. It has been shown elsewhere (3) 
that none of the seven mi sequences in the £. coli contains 
cither a BamHl or a Psil site. Therefore, if chromosomal DNA 
or£ coii is cleaved with these enzymes, seven fragments with 
distinct sizes can be detected by Southern hybridization with an 
rm probe, each corresponding to a single mi operon We 
already knew that the Notl fragments carrying mi operons in 
strain AM2131 are rearranged If recombination events pro* 
ducing these rearrangements utilize mi DNA, the method 
described by Bores et al. (3) can be used for mapping. Figure 
6 presents a comparison of the mt patterns of the mutant 
AM2i31 and the parent strains The data shown indicate that 
the parental strain AM 1 74 has exactly the same pattern of mi 
bands as the strain already mapped, strain AB 115 7. Strain 
AM2150 contains two hybrid bands: miD/E and miEID. In 
contrast to the other mutants, strain AM2131 did not contain 
m\B but contained a new band with a higher molecular weight. 

The data presented in Fig. 6 and also the results of PFGE 
mapping allow us to suggest the following model of the 
chromosomal rearrangement in the AM2131 mutant (Fig, 7): 
first, an inversion between the miC and mifl operons oc- 
curred, and, second, an inversion between ih^metE and hybrid 
m%GIB operon fused the udp gene to the miC/B promoter. 

We do not yet have direct sequencing data on the structure 
of the last rearrangement; however, changes in the mobilities 




FIG. 6 Visualization of the restriction fragments harboring rm 
uperons in the rearranged strains of £. coU. (A) BamHl digestion; (B) 
BamHl'Pstl digestion Lanes: 1, ABUS?; 2, AM2150; 3, AM215I; 4, 
AM174; 5. CM973; 6, AM2131. Plasmid pKK3535 was used as the 
probe Bands A, B, and C, etc., correspond to the operons rm/t, miB, 
rmC^ etc , respectively; bands D/E, etc., correspond to hybrid operons 
rm£?/£, etc 



of the restnction BamHl and BamHUPsfl fragments mostly 
consisting of mt DNA make the proposed scheme very prob- 
able. 

In summary, 8 of 14 variants selected from strain CM922 and 
all four variants of AM2120 have the udp gene fused to the mi 
promoter In five strains, the initial Inversion event induced 
further rearrangements 

PCR mapping and sequencing of rearranged mutants. Pre- 
cise mapping of the rearrangement breakpoints was performed 
by PCR amplification of the DNA fragments connected by the 
proposed inversions. In these amplification experiments, rep* 
resented in Fig. 8, sequences near each end of the ISIO (ISp 
and ISo) were used as primers in combination with a set of 
primers specific to the mi operons and the metE gene. Chro- 
mosomal DNA specimens from CM973 and AM2151 (chosen 
to represent each group of rearranged strains) were used as 
templates. Among all pairs of primers used, primers rm7, rrnS, 
and rmlO combined with ISj, along with metEp and melEd 
combined with ISp, produced visible amplification fragments 
(Fig, 8) The existence of the DNA fragments linking ISIO 
DNA and mi DNA confirms the proposed scheme of recom- 
binalion. To establish the exact endpoints of the miD-lSW 
fusion, both strands of the PCR -generated fragments were 
sequenced. In the chromosome of CM973, nucleotide 3699 of 



CM922 
E2M 



£780 ^ W "^W^ 



rrnA irnB rmE 
W T4J 



.1-21 



rrnE 



AMIUI 
£•280 



11*200 
rrnB 



FIG. 7 Possible scheme of chromosomai rearrangements in strain 
AM2I31 The bars constituting the maps represent Notl fragments 
Their sizes and names (according to Riley and Krawiec (26|) are 
positioned under the bars. The orientation of transcription of the 
important genes is shown by arrows The names of the strains arc 
positioned at the beginning of each line. INV is the proposed 
intermediate. Empty bars represent a region {rmB-mtC) initially 
inverted in the proposed intermediate- Striped bars represent the 
second mi-udp inversion 
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mU>/fe(tBAftUUU 



^rmy mete- m»D* 




F ^ 

CMVll tnUUlUt I A CTOCOAAOOO CTQA0Aq4TCCCCrC*TAAT 
AM3I5I OATAAA0C0OOT0AAAA0<?CTOAGA0ATCCCCrCATAAT 

FIG. 8. Scheme of PCR mapping and sequencing of the rearrange- 
ment cndpoints. (A) rmD operon (arrows with numbers represent 
primers used for PCR mapping); (B) region of the E. coll chromosome 
studied (bars with arrows represent orientation of transcription of the 
genes described in the text; arrows inside boxes represent the orien* 
cation of ISJO); (C) chromosome after rearrangements; (D and £) 
enlarged regions around rearrangement endpoinis (the wavy lines 
represent PCR products; the numbers above them represent their sizes 
for CM973; the numbers below them represent their sizes for AM21S1; 
arrows represent primers used for PCR mapping; (F) DNA sequences 
of the rm-lSW rearrangement endpoints for CM973 and AM21Si, 



rmD was merged with the very beginning of the ISIO that is 
connected with metE^udp; in AM2151, the corresponding 
nucleotide is 3566 (Fig. 8). Comparison of the rearrangement 
endpoints in two strains studied did not reveal any consensus in 
DNA sequences; however, both of them are separated by only 
133 nucleotides. Sequencing more rm-ISi(^ junctions will pro- 
vide material for more-detailed conclusions 

DISCUSSION 

Selection for overexpression of the udp gene (with TnIO 
integrated upstream) led to its fusion to the rm promoter in 
more than half of the variants analyzed. Our earlier experi- 
ments (1) demonstrated that a duplication of the udp gene is 
sufficient to provide the expression enhancement selectable by 
the proposed scheme. Therefore, the system does not need 
great overexpre$sion> and it is not clear what is so unique in the 
rm promoter to make it so attractive for the udp gene (l,c., to 
fuse with it preferably). In a related selection system, one 
spontaneous inversion was found in 1 of 10,000 cases that were 
analyzed (28). In another work, pieces of homologous DNA 
were introduced in the proposed endpoints (19), and directed 
inversions then contributed 65 to 90% of all selected variants. 
This is very close to the results that we obtained (about 70%), 
although the mechanisms of the inversions are probably dif- 
ferent Direct sequence comparison of Tn7C^ and the rm 
operon does not provide enough homology to explain the 



rearrangements selected in the study by the mechanism of 
homologous recombination (5). 

Five of 12 inversions studied were accompanied by duplica- 
tions of the chromosomal segment flanked by rm opcrons. 
Similar rearrangements were demonstrated for the rmB-miE 
region of the £, coU chromosome, where the probability of 
recombination varied from 10'^ for the deletion to 5% for the 
duplications (in the UV-irradialed cells [for a review, sec 
reference 13)). 

One of the key elements of the system is TnJO, which by 
itself can generate inversions by intramolecular transposition 
involving the inside ends of its ISJO elements {15, 30). The 
results of the sequencing of the PCR products linking ISW of 
TnW and tm DNA are consistent with the scheme of the 
inversion formation, emphasizing the role of the ISIO. More 
sequencing data generated from other endpoints may reveal 
the target specificity of this process However, another possible 
explanation of the clustering of the endpoints is that it is not 
due to specific target sequences within the rm DNA but is 
rather due to the conserved three-dimensional structure of the 
bacterial chromosome. This will make some rearrangements 
more probable than others, limiting selected inversions to 
certain preferable areas (27). In this case, more sequencing 
may not reveal target simltarilles in the inversion endpoints 
selected in the work. 

Another possible extension of this work is the study of the 
conservation of the gene order in the bacterial chromosome. 
The only direct comparison of whole chromosomal maps, 
which has been done for three different Bacillus species (6), 
revealed numerous gene rearrangements that contradict the 
observations accumulated by studies of members of the family 
EnterobaaeHaciae, The low resolution of the mapping in this 
work (6) docs not allow final conclusions, but it conflicts with 
well-established views of the bacterial chromosome as a 
strongly conserved structure. Similar results were derived from 
analysis of the high-resolution physical and genetic maps of 
Rhodobacter capsulatus SB1003 (8), which is now being ex- 
panded to three more strains In comparisons of these maps, a 
set of long-range rearrangements has been revealed Some of 
these have endpoints in or near the rm operons. 

Inversion strains generated in the present work have re- 
duced growth rates (data not shown) Selection for faster- 
growing variants can be used for the modeling of genome- 
stabilizing rearrangements, as was done by Hill and Gray (11). 
One can expect to select reinversions in the process of genome 
stabilization; however, the mechanisms should be different 
from the ones described, because the initial triggering event is 
different. 
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